DNA tiles composed of a small number of short synthetic DNA oligomers have been employed as building blocks for the assembly of two-dimensional (2D) and three-dimensional (3D) nanostructures.^[@ref1]^ Numerous current and potential applications of these DNA nanostructures have been demonstrated in biosensing, nanoelectronics, and molecular programming.^[@ref4]^ 2D assemblies of repeating DNA tiles with designed sticky ends (single-stranded overhangs) can grow into large arrays that reach micrometer to sub-millimeter scales.^[@cit3],[@ref12]^ However, the lack of a defined boundary renders the 2D arrays of DNA tiles less than adequate when precise size control is desired.

DNA origami^[@cit2],[@ref14]^ typically consists of one long, single-stranded DNA scaffold (e.g., a viral genome) and many (∼200) short staple strands with designed sequences that hybridize to different parts of the scaffold and direct it to form a desired shape. Intrinsically, DNA origami structures have well-defined shapes and dimensions. Other non-repeating, scaffold-less DNA nanostructures^[@ref16]^ can be designed with precise size and shape control. However, these methods require hundreds or even thousands of unique DNA strands to reach structures on the 100 nm size scale. Expanding the size of DNA origami without sacrificing assembly yield and cost is an ongoing problem.^[@ref18]^ Here we utilize a hollow 2D DNA origami structure as a frame to direct the assembly of a 2D array of double-crossover (DX) tiles with high assembly yields and fixed dimensions, and at the same time investigate how controlled nucleation of DNA tiles can be used to improve our understanding of the dynamic process of DNA self-assembly. This hybrid structure integrates the advantages of fixed dimensions from DNA origami and large array size from repeating DNA tiles.

The 2D array we utilized is composed of four unique DX tiles (Figures [1](#fig1){ref-type="fig"}A and [S1](#notes-1){ref-type="notes"}). Each tile has a length of four full helical turns (42 base pairs), which is ∼13.6 nm. The four sticky ends displayed from each tile are specifically designed to be complementary to one another so that the four tiles spontaneously self-assemble into a 2D array when mixed together, as illustrated in Figure [1](#fig1){ref-type="fig"}C.

The DNA origami designed here consists of two distinct scaffold strands, using ssDNA from M13mp18 (7249 nucleotides long) and phi X 174 (5286 nucleotides long) (Figures [1](#fig1){ref-type="fig"}B and [S3](#notes-1){ref-type="notes"}). By combining the two scaffolds within a single structure we were able to significantly increase the size of the origami frame (∼73% larger than origami structures assembled from M13mp18 DNA alone), such that a relatively large number of DX tiles could be incorporated into the DNA origami. However, larger structures have a tendency to suffer from slow assembly rates and result in low yields. To overcome these difficulties we maximized the contact between the two scaffolds that compose the frame. We assumed this strategy would increase the probability of effective cooperative assembly between the two long scaffold strands.^[@cit18],[@cit19]^ To demonstrate that the growth of the 2D array within the origami frame can be directed asymmetrically, the frame was designed with one half wider than the other half (resembling an L-shape).

At several locations along the inner face of the top and bottom edges of the origami we pre-positioned 42 base-pairs long DNA duplexes linked to the frame through two crossovers (the same size as half of a DX tile). Both ends of these duplexes displayed a sticky end, with an intermolecular distance equal to the length of a DX tile. Besides these sticky ends along the top and bottom edges, the inner face of each of the DNA helices comprising the origami frame displayed a pair of sticky ends with designed sequences. When the origami frame and small DX tiles are mixed, the sticky ends along the inner edges of the frame serve as nucleation sites for the growth of a 2D array within the origami structure (Figure [1](#fig1){ref-type="fig"}C). The specific sequences of the sticky ends facilitate the association of either tile A or tile B, starting from the inner corners (with three sticky end interactions required to realize each tile attachment) and along the inner edges of the frame (with two sticky end interactions required for each tile attachment). After one tile A and one tile B from consecutive rows are securely positioned, the sticky ends displayed from the two tiles work cooperatively to bind either tile C or tile D. As the nucleation and growth process continue, the origami frame is gradually filled by a 2D array of DX tiles (Figure [1](#fig1){ref-type="fig"}C).

![Seeded assembly of a 2D DX tile array within a DNA origami frame of fixed size. (A) The four unique DX tiles employed to assemble the 2D array. Each tile is four full helical turns along the helical axes. Unique sticky ends on tiles A and B are denoted as a--h. The complementary sticky ends on tiles C and D are denoted as a′--h′, respectively. (B) The origami frame structure. The origami frame is 210 nm long along the helical axis. The wider edge is 95 nm. The narrower edge is 60 nm. The hollow interior is 150 nm long and 15 or 32 nm wide. Sticky ends are located along the inner edges to initiate and direct the nucleation of DX tiles within the frame. The origami frame is scaffolded by two different single strands: M13mp18, which is shown in black, and phi X 174, which is shown in gray. (C) The origami frame directed assembly of a 2D array of DX tiles. The origami frame is designed to accommodate 82 DX tiles. The sticky ends displayed from the origami frame only associate with tile A or tile B, so that nucleation begins with tiles A and B (but not with tile C or D). The tiles are arranged in alternating columns of tiles A and B, and tiles C and D, respectively. The inset in C shows the tile--origami and tile--tile connections.](ja-2013-11446q_0001){#fig1}

Methods for preparation and purification of the DNA origami frame can be found in [Supporting Information](#notes-1){ref-type="notes"}. Formation of the origami frame was confirmed by atomic force microscopy (AFM) (Figure [2](#fig2){ref-type="fig"}A). The origami frame formed well, as designed in Figure [1](#fig1){ref-type="fig"}B. Since the two scaffold strands are in contact with one another in several places, there is a chance that more than one of each scaffold could be linked together to form larger aggregates with ill-defined shapes ([Figure S4](#notes-1){ref-type="notes"}). Increasing the molar ratio between the helper strands and the scaffold strands helped to reduce the occurrence of aggregation. With a 30-fold excess of helper strands, the formation yield of the origami frame is ∼70%, as evidenced by the AFM images.

The four unique DX tiles were prepared separately by annealing the respective strands mixtures (five strands each) from 90 to 4 °C over 2 h. When the tiles are mixed in the absence of the origami frame structure, they form 2D arrays of various sizes and unregulated boundaries ([Figure S5](#notes-1){ref-type="notes"}).

The DNA origami frame-directed assembly of a 2D array of DX tiles was achieved by mixing the origami frame with tiles A--D. As shown in Figure [1](#fig1){ref-type="fig"}C, the assembly ratio of each of the individual tiles to the origami frame varied from 16:1 to 25:1. Considering the possibility of spontaneous formation of "unframed" 2D arrays that were not initiated and directed by the origami structure, all tiles were mixed with the origami frame at a molar ratio of 100:1. This high ratio of DX tiles to origami ensures the existence of a large excess of tiles in solution. Next, the tile and origami frame mixture was incubated at 25 °C overnight. Finally, the origami frame/2D array hybrid was purified by agarose gel electrophoresis to remove the excess free DX tiles and "unframed" tile arrays ([Figure S6](#notes-1){ref-type="notes"}). The band corresponding to the framed arrays was cut and extracted from the gel and then characterized by AFM (Figure [2](#fig2){ref-type="fig"}B). The AFM images show that the DX tiles assembled within the origami frame as designed. Approximately 70% of the origami frames were fully filled by the 2D array without any deformation. Most of the defective frame/array hybrids were grown in deformed frames. Only a few were incompletely filled.

The frame/array hybrids cannot be sufficiently separated from the frame-free 2D arrays using agarose gel electrophoresis ([Figure S7](#notes-1){ref-type="notes"}) due to their similarity in size. To obtain a cleaner separation, the origami frame was modified by covalently labeling one staple strand with a biotin, and subsequently separated from the frame-free 2D arrays and individual tiles using monomeric avidin resin (Thermo Scientific). The AFM images show that the frame/array hybrids purified by this method (Figure [2](#fig2){ref-type="fig"}C) are well-formed, with fewer impurities visible in the background ([Figure S8](#notes-1){ref-type="notes"}). Note that in Figure [2](#fig2){ref-type="fig"}C, every origami frame has a bright spot at the inner corner position, which is the position of the biotin modification protruding from the origami surface. The yield and defects observed are similar to those purified by gel electrophoresis.

![AFM images of the DNA origami frame and the frame/DX tile array hybrid. (A) Empty DNA origami frame. (B) Origami frame/array hybrid, after purification by agarose gel electrophoresis. (C) Origami frame/array hybrid purified by biotin mono-avidin bead interaction. The scale bars in the three figures are 100 nm.](ja-2013-11446q_0002){#fig2}

The sources of defects in the frame/array hybrids required careful examination ([Figure S10](#notes-1){ref-type="notes"}). We propose that one major origin of the defects is "cross-talk" between the complementary sticky ends in different rows of the tile array. Because the inner corner positions of the frame each display three sticky ends for the tiles to attach to, and the positions along the inner edges each display two sticky ends, we envision that the first step of the self-assembly process is the association of the tiles at the inner corners of the frame, followed by association with the inner edges, effectively creating a new boundary layer. At the same time, this process exposes additional sticky ends that allow tiles in a second row (or column) to attach. It is at this stage, due to the flexibility of DX tiles at the crossover points, that two sticky ends on tiles in non-neighboring rows within the same column (with a gap the width of one or two tiles) may be able to hybridize to the corresponding sticky ends displayed from a single tile in the next column such that the frame shrinks in width and bends inward (thus, the frame/array hybrid would appear thinner). Similarly, but oppositely, there could be additional rows of tiles inserted, causing the frame/array hybrid to appear wider than designed.

To better understand the self-assembly of DX tiles within the DNA origami frame, the nucleation and growth processes were monitored using real-time AFM scanning which allows consecutive images of a liquid sample deposited on a mica surface to be collected. Each scan can be collected in a short time (\<1 min per 516 × 516 pixel image) without compromising the image quality. First, the empty DNA origami frame, together with tiles C and D (in a ratio of 1:100:100, respectively) were deposited on mica. Because the sticky ends displayed from the frame are all designed to associate with tiles A and B but not tile C or tile D, and tiles C and D do not associate each other, the nucleation does not begin at this stage. Next, a mixture of tiles A and B (100-fold excess to the origami frame) were injected into the sample droplet. Nucleation is expected to begin immediately and continuous AFM imaging in the same area was initiated. Figure [3](#fig3){ref-type="fig"} shows the consecutive AFM images collected at constant intervals (87 s per image) that allowed us to monitor the dynamic self-assembly of the DX tiles within the origami frame. From the images, we observed that the nucleation of DX tiles starts in the direction parallel to the DNA helices along the inner edges, as well as in the direction perpendicular to the helices along the inner edges. We should point out that the excess tiles may undergo spontaneous nucleation in solution, and small sections of frame-free 2D arrays appear in the background, as first observed in the second image. It is possible that nucleation of the free array occurred before the array was deposited on the mica between imaging the first and second image. Regardless, the growth phase without the frame appears to occur more rapidly than within the frame, possibly due to fewer structural constrains. As the concentration of free DX tiles quickly decreases after nucleation, the growth of the tile array within the origami frame slows down significantly before the frame is completely filled. Nevertheless, the nucleation and growth process within the origami frame is finished within 1 h. The same process is expected to be faster in solution without the restriction of the surface.

![FS-AFM images showing the dynamic nucleation and growth of DX tiles within a DNA origami frame. As soon as the reactants are all deposited on the mica surface, scanning begins. The total scan time for each image is 87 s. Frames 8--13 are not shown because there was little change in the images during that time period. The scale bar is 100 nm.](ja-2013-11446q_0003){#fig3}

While real-time AFM scanning permits direct observation of the nucleation process, it is likely that the mica surface restricts the ability of the tiles to enter the origami frame, thus making the nucleation kinetics different from that in solution. Thus, we modified one of the DX tiles with a fluorescent dye and a neighboring tile with a dark quencher, and studied the nucleation kinetics in solution by monitoring the change in fluorescence intensity of the dye with time. Specifically, the ssDNA comprising sticky end d′ on tile C was modified with 6-carboxyfluorescein (6-FAM), and the ssDNA comprising sticky end d on tile A was modified with an Iowa Black dark quencher (Figures [4](#fig4){ref-type="fig"}A and [S12A](#notes-1){ref-type="notes"}). Upon association of the four tiles within the 2D array (with and without the DNA origami frame) 6-FAM is brought into close proximity with the dark quencher, and its fluorescence intensity is expected to decrease as the assembly process proceeds (Figure [4](#fig4){ref-type="fig"}B).

The fluorescence change with time was monitored using a fluorometer (λ~ex~ = 495 nm, λ~em~ = 520 nm), which reflects the kinetics of the tile--tile assembly process (Figure [4](#fig4){ref-type="fig"}C, and additional data shown in [Figure S12B](#notes-1){ref-type="notes"}). In Figure [4](#fig4){ref-type="fig"}C, four curves are shown to represent four different experiments. The slowest decay represents the self-assembly of the four tiles in the absence of the origami frame. This very slow reaction rate indicates that the spontaneous nucleation process in solution is significantly slower than with a seed. The remaining three curves represent the reaction kinetics with varying molar ratios between each tile and the origami seed (100:1, 100:2, and 100:3, respectively). As expected, as the concentration of the nucleation seed increases, the initial rate of the reaction becomes higher.

The concentration of the origami seed and the DX tiles used for fast-scan AFM experiment were 4-fold lower than those used for fluorescence measurements. Thus, the spontaneous nucleation and growth rate observed in solution is apparently much slower than on the mica surface. The rapid emergence of seed-free nucleation in the FS-AFM image (Figure [3](#fig3){ref-type="fig"}) may result from a surface-mediated process, where the mica may also act as a nucleation point, aiding the tile--tile assembly process.^[@ref22]^ For surface-mediated assembly on mica, with the exception of a short delay time (between image frames 1 and 2), the spontaneous nucleation and growth rate outside the frame seems comparable to the seeded nucleation and growth within the frame. Meanwhile, for the assembly process in solution, the seeded nucleation and growth rate within the origami frame is much faster than the spontaneous nucleation and growth rate without the frame. This result indicates the importance of nucleation in the kinetics of tile array assembly.^[@ref25]^

![Nucleation kinetics monitored by fluorescence. (A) Tile C is modified with the fluorescence dye 6-FAM at sticky end d′. Tile A is modified with Iowa black dark quencher at sticky end d. Tiles B and D are not modified. (B) After assembly of the four tiles, either with or without the presence of the origami frame, the fluorescence dye is brought next to the dark quencher. The fluorescence intensity decreases as the self-assembly process proceeds. In panels A and B, the yellow dots represent 6-FAM, and the black dots represent the dark quencher. (C) Normalized fluorescence decrease. The normalization is achieved by dividing the fluorescence intensity by the initial intensity of each experiment. With the same amount of tiles present, the initial intensities in each experiment are the same. The cyan curve shows that without the presence of the origami seed, the nucleation exhibits a very slow rate. The orange, red, and blue curves show the reaction at origami concentrations of 0.2, 0.4, and 0.6 nM, respectively. The tile concentrations are 20 nM in all experiments.](ja-2013-11446q_0004){#fig4}

To characterize the kinetics of nucleation, we constructed a reaction model and calculated the reaction rate constant, *k*, from our data. The reaction rate between tile C and the origami frame can be expressed by

We assume that at the initial stages of seeded nucleation, the small number of tiles assembled inside the origami frame do not affect the accessibility or diffusion of the origami significantly, thus, we may treat the concentration of origami in eq [1](#eq1){ref-type="disp-formula"} as a constant. At a certain time *t*, the concentration of unassembled tile C is

This assumption fails when the origami is more thoroughly filled, which would change the properties of the frame and, thus, the reaction rate constant *k*. Therefore, we collected and analyzed the fluorescence change only in the early stages of the reaction (the first 10 min), where only a small percentage of the assembly process is complete.

The fluorescence intensity observed is the sum of the fluorescence intensities from the free and associated tile C, which are linear to the concentrations of each species:Here, *a* and *b* are constants. We normalized the fluorescence intensity by dividing both sides of eq [3](#eq3){ref-type="disp-formula"} by the initial intensity, *a*\[C\]~0~, and obtainedTherefore, a linear equation can be obtained:

The ratio *b*/*a* is experimentally measured as 0.399, which equals the ratio of the fluorescence intensity of the fully assembled structure of all four tiles, to that of individual tile C in the presence of the same concentration of tiles A and C. The data in Figures [4](#fig4){ref-type="fig"}C and [S12B](#notes-1){ref-type="notes"} were fit by eq [5](#eq5){ref-type="disp-formula"}, and the nucleation rate constant *k* obtained from the slope is (2.3 ± 0.4) × 10^5^ M^--1^·s^--1^. We should note that we are experimentally monitoring the change of the occupancy status at one of the sticky ends on tile C (where the fluorescence dye is labeled). The nucleation sites for tile C in the origami frame must be first generated by the binding of tiles A and B first, and then regenerated by the self-assembly of other three tiles. Each regeneration cycle requires the attachment of three to five other tiles. Thus, the time that it takes for the attachment of a random individual tile in the origami frame is expected to be, on average, one-third to one-fifth of the nucleation time of tile C. Therefore, the nucleation rate constant for random tile association should be 3--5 times the value of constant *k* that we determined from our model. Considering this factor, the nucleation rate constant is on the same order of magnitude as 10^6^ M^--1^·s^--1^, consistent with values previously reported in the literature.^[@ref25]^

In summary, we successfully utilized a large DNA origami frame to regulate the growth of a 2D array of DX DNA tiles with high yield. The dynamics of nucleation were monitored using real-time AFM and fluorescence kinetics. We obtained the nucleation rate constant of assembly with and without the presence of a DNA origami seed. The assembly of the frame/array hybrid structures takes advantage of the properties of DNA origami and 2D arrays such that the resulting structure has a defined shape and dimensions, with aperiodic peripheral sequences and a solid periodic core that consists of a small number of unique DNA sequences.^[@cit12]^ Our approach will be useful and efficient to create DNA-based nanodevices when definite boundaries and exact numbers of addressable positions are required.

Details of experimental methods, DNA sequences, and Figures S1--S11. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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